Accurate segregation of chromosomes during mitosis requires formation of a bipolar spindle, which in mammalian cells relies to a large extent on the centrosomes[@b1]. Following initial Nek2-dependent centrosome disjunction in late G2 (ref. [@b2]), the centrosomes can separate before nuclear envelope breakdown (NEBD) in prophase and post-NEBD in prometaphase. Many mechanisms appear to contribute to centrosome separation after NEBD[@b3], but most notable is the plus-end-directed kinesin Eg5, whose microtubule (MT)-sliding activity is essential for centrosome separation in prometaphase across many species[@b4] and which also functions in the less-understood prophase pathway in mammalian cells[@b5][@b6][@b7]. The importance of Eg5 for centrosome separation in both phases is demonstrated by the monopolar spindles and mitotic arrest resulting from its inhibition[@b8][@b9], making Eg5 an attractive candidate for anticancer therapy[@b10].

Over recent years it has become apparent that forces that oppose centrosome separation are also important to create the correct balance to allow efficient bipolar spindle assembly and chromosome alignment[@b7][@b11]. Proteins known to produce these forces after NEBD include the minus-end directed kinesins HSET[@b12] and dynein[@b5], whose inhibition or depletion allows cells to more easily form bipolar spindles under Eg5 inhibition. More recently, we identified the guanine-nucleotide exchange factor (GEF) Tiam1 and its substrate Rac as the first signalling module to counteract Eg5 in prophase[@b7]. Tiam1 has multiple cellular roles including migration, cell-cell adhesion and survival[@b13], and is required for Ras-induced tumorigenesis *in vivo*[@b14]. We found that Tiam1 also localizes to mitotic centrosomes, and that its depletion leads to increased intercentrosomal distance in early mitosis, a higher incidence of chromosome congression errors and a decreased sensitivity to mitotic arrest by Eg5 inhibitors. Importantly, we showed that the chromosome congression errors were a result of the increased intercentrosomal distance, as they were rescued by re-adjusting the centrosomal distance with low concentrations of Eg5 inhibitor[@b7]. The mitotic role of Tiam1 may help to explain, at least in part, why the few Ras-induced skin tumours that form in *Tiam1*-knockout mice more frequently undergo malignant progression[@b14], as mis-segregation of chromosomes could increase chromosomal instability (CIN), a hallmark of tumourigenesis. Despite the potential importance of this mitotic role, it is not known how Tiam1 operates to antagonize Eg5.

The initiation of mitosis and regulation of centrosome separation is controlled by the mitotic kinases cyclin-dependant kinase 1 (Cdk1), polo-like kinase 1 (Plk1) and Aurora A[@b15]. In mammals, mitotic entry requires Cdk1 associated with both A and B type cyclins, although cyclin B1 is more directly associated with regulating mitotic entry and exit[@b16][@b17]. Activation of Cdk1-cyclin B at the G2/M transition occurs on centrosomes[@b18] and depends on the activities of Plk1 and Aurora A, which are also present on the centrosomes in late G2[@b19]. Active Cdk1 stimulates Eg5 both by contributing to its proper localization through phosphorylating Nek9[@b20] and by phosphorylating the kinesin directly in its C-terminal tail domain, which stimulates MT binding[@b21]. Cdk1 is also thought to promote centrosome separation by initiating destablization of interphase astral MTs, which normally inhibit centrosome separation in G2 (ref. [@b22]). Active Cdk1 also primes certain substrates (with the sequence S-S/T-P) for phosphorylation by Plk1 by creating a docking site for its polo box domain (PBD)[@b23]. One such protein is Nek9, whose sequential phosphorylation by Cdk1 and Plk1 is required for it to activate Nek6/7, which promote Eg5 centrosomal localization by phosphorylating the kinesin on S1033 (ref. [@b20]). The importance of Plk1 in promoting centrosome separation through proper Eg5 localization is well established[@b20][@b22][@b24], but Plk1 is also required for the earlier stage of initial centrosome dysjunction, as it phosphorylates the Hippo pathway component Mst2 that in turn regulates Nek2[@b24]. Aurora A is also required for centrosome separation, probably through its pivotal roles in regulating centrosome maturation and MT organization[@b25].

Another group of kinases implicated in regulating mitotic events are the p21-activated kinases (Paks), which are well-known effectors of the Rac and Cdc42 GTPases[@b26]. Paks are frequently overexpressed in cancer and have numerous potentially oncogenic roles, including stimulating cell growth, survival and motility, which has led to the development of Pak inhibitors as potential therapeutics[@b27]. Paks fall into two structurally distinct groups, group I (Pak1-3) being activated directly on binding to active GTPases by a process involving autophosphorylation, and group II (Pak4-6) that are thought to be indirectly regulated by GTPases[@b28]. Among their many functions, group I Paks are known to be activated on the centrosomes in early mitosis[@b29] and have been implicated in regulating mitotic entry[@b30][@b31][@b32][@b33], consistent with their ability to phosphorylate Plk1 (ref. [@b31]) and Aurora A[@b34]. However, the significance of the centrosomal group I Pak activity for mitotic progression has not been elucidated.

Here we advance our understanding of how the important process of centrosome separation is regulated. As well as identifying a novel Cdk1 site required for the function of Tiam1 in mitosis, we also show that group I Paks are activated downstream of Tiam1 on centrosomes in prophase in a manner dependent on the above phosphorylation event, and that both Pak1 and Pak2 function to antagonize centrosome separation. Importantly, we show that depletion of Pak1/2 confers resistance to mitotic arrest induced by Eg5 inhibitors, highlighting the potential importance of this pathway for cancer therapy.

Results
=======

Tiam1 is phosphorylated in mitosis by Cdk1
------------------------------------------

We and others have previously shown that Tiam1 can be regulated by phosphorylation[@b35][@b36][@b37]. To investigate whether phosphorylation might regulate Tiam1 during mitosis, we performed western blot analysis after synchronizing MDCK II cells at various stages of the cell cycle ([Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}). Our analysis revealed a shift in the mobility of Tiam1 when cells were arrested in mitosis with nocodazole compared with other cell cycle phases ([Fig. 1a](#f1){ref-type="fig"}). Phosphatase treatment of lysates from mitotically arrested cells suppressed the mobility shift of Tiam1 ([Fig. 1b](#f1){ref-type="fig"}). Moreover, pretreatment of cells with RO-3306, a Cdk1 inhibitor, suppressed the Tiam1 mobility shift of cells that had been arrested in mitosis using the Eg5 inhibitor STLC ([Fig. 1c](#f1){ref-type="fig"}), suggesting that the chief mitotic kinase Cdk1 may be responsible for phosphorylation of Tiam1 in mitosis. We found that Cdk1, cyclin A and cyclin B1 all co-precipitated with Tiam1-GFP from asynchronous and mitotically arrested HEK293T cells ([Supplementary Fig. 1b,c](#S1){ref-type="supplementary-material"}), supporting our hypothesis that Tiam1 interacts with active Cdk1 complexes. We used a Cdk/MAPK substrate-specific antibody that recognizes P\*Ser/Thr-Pro to assess whether Cdk1 can phosphorylate Tiam1 *in vitro*. Kinase assays with a commercially obtained GST-tagged Cdk1--cyclin B1 complex and immunoprecipitated Tiam1 ([Fig. 1d](#f1){ref-type="fig"}) or purified Tiam1-His ([Fig. 1e](#f1){ref-type="fig"}) confirmed phosphorylation of Tiam1. We also found that Tiam1-His can be phosphorylated just as efficiently by Cdk1--cyclin A as with Cdk1--cyclin B1 ([Supplementary Fig. 1d](#S1){ref-type="supplementary-material"}). Cdk1 is a proline-directed kinase that preferentially phosphorylates the consensus sequence S/T-P-X-K/R (where X is any amino acid), although it also phosphorylates the minimal sequence S/T-P[@b38]. Tiam1 contains 13 potential Cdk/MAPK sites (S/T-P) and one canonical Cdk1 site (S/T-P-X-K/R), S1466. We performed mass spectrometry analysis of TAP-tagged Tiam1 purified from mitotically arrested DLD1 cells and found that S1466 was phosphorylated ([Supplementary Fig. 1e](#S1){ref-type="supplementary-material"}). We mutated S1466 in Tiam1-HA to alanine (S1466A) and analysed phosphorylation levels after immunoprecipitation from cells arrested in mitosis by STLC. This revealed a significant decrease in the Cdk phosphorylation signal of S1466A compared with wild-type Tiam1 (WT) ([Fig. 1f](#f1){ref-type="fig"}), suggesting S1466 as a primary phosphorylation site for Cdk1 on Tiam1 in mitosis. S1466 is located to the C terminus of the catalytic DH-PH domain of Tiam1 and the Cdk1 consensus sequence is conserved in higher species ([Fig. 1g](#f1){ref-type="fig"}), suggesting that this site may be important for Tiam1 function.

S1466 phosphorylation by Cdk1 occurs on mitotic centrosomes
-----------------------------------------------------------

To further investigate the temporal and spatial dynamics of the phosphorylation of Tiam1 on S1466, we raised an antibody against phosphorylated S1466. We demonstrated that this antibody recognized a band at the approximate size of Tiam1, which was stronger in lysates from cells arrested in mitosis with STLC and reduced on depletion of Tiam1 by RNAi ([Fig. 2a](#f2){ref-type="fig"}). We also confirmed the specificity of the antibody by GFP-trap of WT and S1466A Tiam1-GFP from mitotically arrested cells followed by immunoblotting ([Fig. 2b](#f2){ref-type="fig"}). We then treated mitotically arrested cells with RO-3306, which strongly reduced the P\*S1466 signal for endogenous Tiam1 ([Fig. 2c](#f2){ref-type="fig"}), indicating that phosphorylation at S1466 is dependent on Cdk1. Furthermore, a time course revealed reduced P\*S1466 even within 5 min of RO-3306 treatment ([Supplementary Fig. 2a](#S1){ref-type="supplementary-material"}). Performing kinase assays using Tiam1 immunoprecipitated from cells revealed that Cdk1 can indeed phosphorylate Tiam1 on S1466, both in complex with cyclin B1 ([Fig. 2d](#f2){ref-type="fig"}) and cyclin A ([Fig. 2e](#f2){ref-type="fig"}). To look more closely at the dynamics of S1466 phosphorylation, we arrested cells in a monopolar state using the Eg5 inhibitor monastrol, released them from this arrest and lysed at various time points as the cells progressed through mitosis. Phosphorylation on S1466 appeared to increase slightly following monastrol release, when the spindle was bipolarizing, then decreased following metaphase when cyclin B1 was degraded ([Fig. 2f](#f2){ref-type="fig"}), consistent with a role in early mitosis. We also used the antibody to analyse the localization of phosphorylated endogenous Tiam1 by immunofluorescence. In mitotic cells, we saw a clear centrosomal signal that was most prominent in prophase ([Fig. 2g](#f2){ref-type="fig"}). We confirmed that the centrosomal P\*S1466 signal was specific as it was reduced in Tiam1-depleted cells ([Supplementary Fig. 2b,c](#S1){ref-type="supplementary-material"}), and was present in WT , but not S1466A, Tiam1-GFP overexpressing MDCK II cells depleted for endogenous Tiam1 ([Supplementary Fig. 2d](#S1){ref-type="supplementary-material"}). The P\*S1466 signal could also be seen on centrosomes (as well as in other punctae) in prometaphase ([Fig. 2h](#f2){ref-type="fig"}) and more weakly in metaphase and anaphase cells ([Supplementary Fig. 2e](#S1){ref-type="supplementary-material"}). We observed co-localization of P\*S1466 and total Tiam1 on centrosomes, whereas only total Tiam1 was present at cell-cell adhesions ([Fig. 2h](#f2){ref-type="fig"}). These results show that Tiam1 is phosphorylated by Cdk1 on S1466, and the phosphorylated pool of Tiam1 is present on centrosomes in early mitosis.

S1466 phosphorylation regulates centrosome separation
-----------------------------------------------------

We next sought to determine whether phosphorylation of Tiam1 at S1466 was required for its function in mitosis. In addition to the non-phosphorylatable S1466A mutant, we mutated S1466 to aspartic acid (S1466D) to attempt to mimic phosphorylation and expressed HA-tagged forms of S1466A, S1466D and WT Tiam1 in MDCK II cells. Analysis of the localization of the S1466A and S1466D mutants in mitotic cells revealed a signal around mitotic asters, similar to the localization of WT Tiam1 ([Fig. 3a](#f3){ref-type="fig"}, [Supplementary Fig. 3a](#S1){ref-type="supplementary-material"}). Both mutants also localized to cell-cell adhesions to a similar extent to WT Tiam1 ([Supplementary Fig. 3b](#S1){ref-type="supplementary-material"}), suggesting that Tiam1 localization is not affected by S1466 phosphorylation. To further assess the importance of S1466 phosphorylation for the mitotic functions of Tiam1, we re-expressed RNAi-resistant forms of WT, S1466A and S1466D Tiam1 into cells expressing dox-inducible Tiam1 RNAi ([Fig. 3b](#f3){ref-type="fig"}). We then measured intercentrosomal distance in early mitosis and chromosome congression errors, both of which we have previously found to increase in Tiam1-depleted cells. We found that the S1466A mutant of Tiam1 was unable to rescue the increased intercentrosomal distance seen on Tiam1 depletion in both prophase ([Fig. 3c,d](#f3){ref-type="fig"}) and prometaphase ([Fig. 3d,e](#f3){ref-type="fig"}). The phospho-mimetic Tiam1 (S1466D), however, was able to rescue as effectively as WT Tiam1, suggesting that this mutation successfully mimics phosphorylation on this site. Scoring cells for chromosome congression errors similarly demonstrated that, whereas WT and S1466D Tiam1 rescued the increased chromosome congression errors seen on Tiam1 depletion, S1466A mutation was unable to rescue the phenotype ([Fig. 3f,g](#f3){ref-type="fig"}). Although WT, S1466A and S1466D Tiam1-HA were overexpressed in these experiments, we saw no difference in cell morphology and no adverse effects on the later stages of mitosis with expression of S1466D Tiam1, suggesting that dephosphorylation of this site is not required for progression through the later stages of mitosis. To further substantiate the requirement for phosphorylation of Tiam1 on S1466 for centrosome separation we also made MDCK II cells with dox-inducible overexpression of RNAi-resistant HA-tagged WT, S1466A and S1466D Tiam1 and used a low level of dox to induce near-endogenous levels of exogenous Tiam1 ([Supplementary Fig. 3c](#S1){ref-type="supplementary-material"}). We measured prophase intercentrosomal distance in these pools following transient transfection with Tiam1 siRNA, and found again that WT and S1466D Tiam1 could rescue the increased intercentrosomal distance seen on Tiam1 depletion, whereas S1466A was unable to rescue ([Supplementary Fig. 3d](#S1){ref-type="supplementary-material"}).

Previously, we demonstrated that the ability of Tiam1 to regulate centrosome separation and chromosome congression was dependent on its Rac GEF activity[@b7]. We hypothesized that the failure of S1466A to effectively antagonize centrosome separation was due to an inability to activate Rac in mitosis. However, Rac assays following Tiam1 overexpression in mitotically arrested cells revealed similar activation of Rac by WT, S1466A and S1466D Tiam1 ([Fig. 3h](#f3){ref-type="fig"}). We next wondered whether S1466 phosphorylation may alter the stability of Tiam1 in mitosis. To test this we generated MDCK II cells with dox-inducible WT or S1466A Tiam1 fused to a Halo-tag, which allows pulse-chase analysis of protein levels by ligand labelling[@b39]. However, no difference was found in the dynamics of Tiam1 degradation between WT and S1466A Tiam1 during the pulse-chase assay ([Supplementary Fig. 3e](#S1){ref-type="supplementary-material"}). As S1466 creates a potential Polo-box binding site (S-S/T-P) when phosphorylated, and Plk1 plays multiple roles in regulating centrosome separation[@b20][@b22][@b24], we also tested whether Plk1 interacts with Tiam1, and whether mutation of S1466 might affect this. Although we could clearly detect Plk1 co-precipitating with Tiam1-GFP in mitotically arrested cells, we saw no difference in the ability of S1466A or S1466D to interact with Plk1 compared with WT ([Supplementary Fig. 3f](#S1){ref-type="supplementary-material"}). These results indicate that, although phosphorylation of S1466 does not appear to affect Tiam1 localization, stability or activity, it is essential to allow Tiam1 to regulate centrosome separation and chromosome congression.

S1466 phosphorylation is required for Pak activation
----------------------------------------------------

As S1466 phosphorylation appears to be essential for the function of Tiam1 in mitosis, we next investigated whether this phospho-site would influence signalling downstream of Tiam1 and Rac. As the group I Paks, known Rac effector kinases, have previously been shown to be present on centrosomes in early mitosis, we hypothesized that in addition to their other mitotic roles[@b29][@b31][@b34] Paks may also play a role downstream of Tiam1 and Rac in regulating centrosome separation. We used a phospho-Pak1/2 antibody (which detects autophosphorylation of Pak1 and Pak2) to detect Pak1/2 activity on the centrosomes of early mitotic cells. To test the specificity of the antibody we transfected MDCK II cells with siRNAs to either Pak1 or Pak2 ([Supplementary Fig. 4a](#S1){ref-type="supplementary-material"}). We saw a large reduction in centrosomal P\*Pak staining following knockdown of either Pak1 or Pak2 (shown for Pak1 siRNA; [Supplementary Fig. 4b](#S1){ref-type="supplementary-material"}). We next analysed centrosomal P\*Pak staining in MDCK II cells with dox-inducible Tiam1 RNAi and found that, on Tiam1 depletion, centrosomal phospho-Pak1/2 was significantly reduced by ∼35% in prophase ([Fig. 4a](#f4){ref-type="fig"}). In prometaphase, phospho-Pak1/2 was also reduced though not as markedly as in prophase (20%, [Fig. 4a](#f4){ref-type="fig"}). We next used sucrose density ultracentrifugation to isolate centrosomes from MDCK II cells with dox-inducible Tiam1 RNAi. In the fractions where the centrosomal marker γ-tubulin was the strongest, we also detected Tiam1 and P\*Pak, and saw a decrease in P\*Pak levels where Tiam1 was depleted by addition of dox ([Supplementary Fig. 4c](#S1){ref-type="supplementary-material"}), supporting our immunofluorescence results that Tiam1 depletion decreases centrosomal Pak1/2 activity. To investigate the role of S1466 phosphorylation of Tiam1 in Pak activation, we measured centrosomal phospho-Pak1/2 in the MDCK II Tiam1 RNAi pools re-expressing RNAi-resistant phospho-mutant Tiam1 or WT Tiam1 (see [Fig. 3b](#f3){ref-type="fig"}). Although WT and S1466D Tiam1 rescued the decrease in phospho-Pak1/2 seen on Tiam1 depletion in prophase, the S1466A mutant did not rescue the decrease ([Fig. 4b](#f4){ref-type="fig"}), suggesting that phosphorylation on this site is required for centrosomal Pak1/2 activation in mitosis. As Pak1/2 are direct effectors of Rac1, we hypothesized that Tiam1-dependent Pak1/2 centrosomal activation was due to Tiam1 activation of Rac1. In agreement with this, MDCK II cells treated with the Rac1 inhibitor NSC 23766 had significantly decreased centrosomal P\*Pak levels in prophase cells ([Fig. 4c](#f4){ref-type="fig"}). Moreover, Tiam1 with a mutation in the Rac activation domain (GEF\*), which renders it inactive, was unable to rescue the decrease in P\*Pak seen on Tiam1 depletion ([Fig. 4d](#f4){ref-type="fig"}, [Supplementary Fig. 4d](#S1){ref-type="supplementary-material"}), strongly suggesting that regulation of centrosomal Pak1/2 activity requires Tiam1-mediated Rac activation. Interestingly, when we pulled down Tiam1-GFP from mitotically arrested cells, we detected co-precipitation with Rac, but also with both Pak2 ([Fig. 4e](#f4){ref-type="fig"}) and Pak1 ([Supplementary Fig. 4e](#S1){ref-type="supplementary-material"}). However, we saw no difference in the ability of the S1466A or S1466D mutant to co-precipitate Pak1 or Pak2 ([Fig. 4e](#f4){ref-type="fig"}, [Supplementary Fig. 4e](#S1){ref-type="supplementary-material"}), suggesting that phosphorylation of Tiam1 at S1466 is not required for its interaction with Pak1/2.

As Pak1 has been shown to phosphorylate Aurora A on T288[@b34], and Aurora A could influence centrosome separation through its role in MT maturation and MT organization[@b25], we also measured Aurora A activity on centrosomes using a P\*T288 antibody ([Supplementary Fig. 4f](#S1){ref-type="supplementary-material"}). However, phospho-Aurora A (P\*Aurora A) levels at the centrosomes were unchanged in prophase following Tiam1 depletion ([Supplementary Fig. 4g](#S1){ref-type="supplementary-material"}). We also measured centrosomal P\*T288 of Aurora A after depleting Pak1 or Pak2 with two separate siRNA oligos to each Pak ([Supplementary Fig. 4a](#S1){ref-type="supplementary-material"}), but found no difference in its staining intensity in prophase MDCK II cells ([Supplementary Fig. 4h](#S1){ref-type="supplementary-material"}). These results suggest that Tiam1-mediated Rac activity is required for full activation of Pak1/2 on centrosomes in prophase, and that this change in Pak activity does not influence Aurora A activation. In addition, although S1466 phosphorylation of Tiam1 is not required for its binding to Pak1/2, it is required for their centrosomal activation.

Pak1/2 regulate centrosome separation downstream of Tiam1
---------------------------------------------------------

We next determined whether Pak is required for regulation of centrosome separation as we have found for Tiam1 and Rac. Following depletion of either Pak1 or Pak2 in MDCK II cells using two sets of siRNA oligos ([Fig. 5a](#f5){ref-type="fig"} and [Supplementary Fig. 5a](#S1){ref-type="supplementary-material"}), we measured intercentrosomal distance in prophase and prometaphase. We found that depletion of either Pak1 ([Supplementary Fig. 5b,c](#S1){ref-type="supplementary-material"}) or Pak2 ([Fig. 5b,c](#f5){ref-type="fig"}) significantly increased the intercentrosomal distance at both phases and with both oligos. We also assessed the ability of cells to effectively align their chromosomes to the metaphase plate and found that depletion of either Pak1 ([Supplementary Fig. 5d](#S1){ref-type="supplementary-material"}) or Pak2 ([Fig. 5d,e](#f5){ref-type="fig"}) increased the proportion of chromosome congression defects. To confirm that the effects we measured were due to depletion of Pak rather than off-target effects of the siRNAs, we generated MDCK II cells with dox-inducible expression of active (L106F) Pak2-CFP with mutations rendering it resistant to Pak2\#1 siRNA ([Fig. 5f](#f5){ref-type="fig"}). In the control cells, we again saw an increase in intercentrosomal distance in both prophase ([Fig. 5g](#f5){ref-type="fig"}) and prometaphase ([Fig. 5h](#f5){ref-type="fig"}), as well as increased chromosome congression errors ([Fig. 5i](#f5){ref-type="fig"}) when we transfected with Pak2\#1 siRNA. However, induction of Pak2(L106F)--CFP completely rescued all three phenotypes ([Fig. 5g--i](#f5){ref-type="fig"}). Moreover, the mitotic index in Pak1/2-depleted cells was significantly increased by ∼twofold with both oligos to Pak1 ([Supplementary Fig. 5e](#S1){ref-type="supplementary-material"}) and Pak2 ([Fig. 5j](#f5){ref-type="fig"}), consistent with cells requiring longer to progress through mitosis as we have seen previously following Tiam1 depletion[@b7]. We also quantified cell cycle stages by FACS analysis following Pak depletion but found no significant difference in the proportion of G1, S or G2 cells for any of the Pak siRNA oligos compared with a non-target control ([Supplementary Fig. 5f](#S1){ref-type="supplementary-material"}). This suggests that individual depletion of Pak1 or Pak2 does not have a major effect on cell-cycle progression in MDCK II cells, but that they act to antagonize centrosome separation and are consequently required for normal mitotic progression.

To address whether group I Paks function specifically downstream of Tiam1 in regulating centrosome separation, we generated MDCK II cells with stable dox-inducible expression of either WT, kinase inactive (T402A) or kinase active (L106F) Pak2-CFP, and confirmed their relative activities using P\*Pak antibody ([Supplementary Fig. 6a](#S1){ref-type="supplementary-material"}). To assess the impact of differentially activated Pak2 on the Tiam1-dependent mitotic phenotype we transiently depleted Tiam1 while also inducing expression of Pak2-CFP in these cell lines ([Fig. 6a](#f6){ref-type="fig"}). Interestingly, we found that kinase active L106F Pak2-CFP completely suppressed the increased intercentrosomal distance seen on Tiam1 depletion in prophase, whereas WT Pak2-CFP and kinase-dead T402A Pak2-CFP failed to suppress the increase ([Fig. 6b](#f6){ref-type="fig"}), despite all three forms of Pak2-CFP showing similar expression levels and localization ([Fig. 6a](#f6){ref-type="fig"} and [Supplementary Fig. 6b](#S1){ref-type="supplementary-material"}). In addition, treatment with FRAX597, an inhibitor of group I Paks[@b40], increased intercentrosomal distance in prophase ([Fig. 6c](#f6){ref-type="fig"}). These results strongly suggest that group I Paks function downstream of Tiam1 to oppose centrosome separation in early mitosis, and that this function requires their kinase activity.

We wanted to investigate whether the regulation of centrosome separation by the Tiam1-Pak-Rac signalling pathway was also operating in cells other than MDCK II. Depletion of Tiam1 or Pak2 in U2OS (human osteosarcoma) cells also led to increased intercentrosomal distance in prophase ([Supplementary Fig. 6c,d](#S1){ref-type="supplementary-material"}). In addition, we saw increased P\*S1466 signal by immunoblot in lysates from mitotically arrested U2OS cells, which was reduced on Cdk1 inhibitor treatment ([Supplementary Fig. 6e](#S1){ref-type="supplementary-material"}). We also made U2OS cells with dox-inducible expression of the S1466D and S1466A forms of Tiam1 ([Supplementary Fig. 6f](#S1){ref-type="supplementary-material"}). Expression of the S1466D, but not the S1466A mutant, rescued the increased prophase intercentrosomal distance following depletion of Tiam1 by RNAi ([Supplementary Fig. 6g](#S1){ref-type="supplementary-material"}). These findings show that the signalling pathway we have identified is also important in other systems.

Pak signalling modulates responses to Eg5 inhibitors
----------------------------------------------------

As Pak1 and Pak2 function to antagonize centrosome separation downstream of Tiam1 we sought to determine whether Pak1/2 knockdown allows cells to escape monopolar arrest by Eg5 inhibitors, as we have seen previously with Tiam1 depletion[@b7]. For this, we treated MDCK II cells transfected with non-targeting (NT) or Pak1/2 siRNAs ([Fig. 7a](#f7){ref-type="fig"}, [Supplementary Fig. 7a](#S1){ref-type="supplementary-material"}) with an intermediate concentration (25 μM) of the Eg5 inhibitor monastrol and analysed mitotic index by FACS analysis. A significant decrease in mitotic index was detected with both oligos for Pak1 ([Supplementary Fig. 7b](#S1){ref-type="supplementary-material"}) and Pak2 ([Fig. 7b](#f7){ref-type="fig"}). To determine whether this was due to effects on mitotic spindle assembly, we assessed the mitotic stage of the above cells. We observed a significant increase in both the proportion of bipolar spindles ([Fig. 7c,d](#f7){ref-type="fig"}, [Supplementary Fig. 7c](#S1){ref-type="supplementary-material"}), and the proportion of cells in anaphase and telophase ([Fig. 7e](#f7){ref-type="fig"}, [Supplementary Fig. 7d](#S1){ref-type="supplementary-material"}) in cells depleted of Pak1 or Pak2. Further, by live imaging of prophase MDCK II cells expressing histone-2B-GFP and α-tubulin-RFP we verified that after treatment with siRNA to Pak1, Pak2 or Tiam1 the majority of monastrol treated cells entered metaphase, whereas the majority of control cells arrested in prometaphase ([Fig. 7f](#f7){ref-type="fig"}, [Supplementary Fig. 7e](#S1){ref-type="supplementary-material"}, [Supplementary Movies 1--4](#S1){ref-type="supplementary-material"}). This shows that, like Tiam1-Rac signalling, levels of Pak1 and Pak2 alter the sensitivity of cells to Eg5 inhibitor, highlighting the importance of this signalling pathway for clinical studies with Eg5 inhibitors.

Discussion
==========

Our study provides significant insights into the regulation of the important process of centrosome separation. First, we find that Cdk1 phosphorylation of Tiam1 on a highly conserved canonical phosphorylation site, S1466, is required for Tiam1-dependent antagonism of centrosome separation. Although Cdk1 is central to the regulation of mitotic entry and phosphorylates Eg5 to stimulate its binding to MTs[@b21], centrosome separation can still occur under Cdk1 inhibition, though with slower dynamics[@b22]. Our results shed new light onto the role of Cdk1 in centrosome separation, by demonstrating that Cdk1 lies upstream of pathways that both drive and oppose centrosome separation to maintain the correct balance for efficient chromosome alignment.

This work also describes a novel function of Pak1/2 in regulating centrosome separation, which, despite the increasing interest in this group of kinases[@b27], had not previously been identified. Group I Paks are known to be active on mitotic centrosomes[@b29] and a few studies report that Pak1/2 contribute to proper timing of the G2/M transition[@b30][@b31][@b32][@b33]. This is consistent with their ability to phosphorylate Plk1 (ref. [@b31]) and Aurora A[@b34], though the contribution of individual Paks to regulating entry into mitosis, the mechanism of Pak1/2 centrosomal activation, and how Paks then regulate mitotic entry are all unclear. It has been shown that Pak1 can be activated on centrosomes independently of GTPases by a mechanism mediated by GIT1-PIX[@b34]. However, a recent study implicated Rac upstream of centrosomal Pak2 activation and Aurora A activation in early mitosis[@b30]. Therefore, it is possible that multiple, potentially redundant, pathways activate Pak1/2 to promote mitotic entry. While our data support the inference that Pak activation at centrosomes is downstream of Rac ([Fig. 4c,d](#f4){ref-type="fig"}), we showed that phosphorylation of Aurora A is independent of Tiam1-Rac-Pak signalling, at least during prophase (neither knockdown of Tiam1, nor of individual Pak isoforms---which perturb centrosome separation---appeared to change the phosphorylation of Aurora A; [Supplementary Fig. 4f--h](#S1){ref-type="supplementary-material"}). As Aurora A can promote centrosome separation[@b41][@b42][@b43], we would not have anticipated activation of Aurora A by Tiam1-Rac-Pak signalling, which we demonstrate antagonizes centrosome separation in prophase. However, we cannot exclude that Aurora A may be affected by Pak knockdown at other temporal stages, or whether both Pak1 and Pak2 need to be depleted to see an effect on Aurora A activity.

Through re-expression of phospho-mutant and GEF mutant Tiam1 we showed that activation of Pak1/2 at the centrosomes in prophase is dependent both on phosphorylation of Tiam1 at S1466 ([Fig. 4b](#f4){ref-type="fig"}) and its ability to activate Rac ([Fig. 4d](#f4){ref-type="fig"}). As we saw no difference in the localization, activity or stability of S1466A Tiam1 compared with WT ([Fig. 3a,h](#f3){ref-type="fig"}, [Supplementary Fig. 3a,e](#S1){ref-type="supplementary-material"}) we speculate that S1466 phosphorylation may be involved in a scaffolding function of Tiam1 at the centrosomes. Tiam1 has previously been shown to direct Rac signalling by binding to other proteins[@b44][@b45]. While S1466 phosphorylation does not appear to affect binding of Tiam1 to Pak1/2 ([Fig. 4e](#f4){ref-type="fig"}, [Supplementary Fig. 4e](#S1){ref-type="supplementary-material"}), it may be required to mediate activation of Pak1/2 by Rac potentially through recruitment of other as yet unknown members of the centrosomal signalling complex. Future efforts will focus on identifying these factors. Such endeavour may also identify Pak1/2 substrates required to antagonize centrosome separation. These could be proteins that regulate MT stability, as MT stability has been shown to influence centrosome separation and sensitivity to Eg5 inhibitors[@b7][@b22][@b46]. Interestingly, a number of Pak substrates have been described that could influence MT function including MCAK[@b47], TCoB[@b48], stathmin[@b49] and GEF-H1 (ref. [@b50]). Tiam1 is also localized to the cortex where it could potentially influence centrosome separation through astral-MT interactions with the cortex. However, the fact that P\*S1466 is detected at centrosomes but not cell-cell adhesions ([Fig. 2h](#f2){ref-type="fig"}) indicates that the P\*Tiam1-Rac-Pak complex acts from the centrosomes.

Both Tiam1 (ref. [@b14]) and Pak1 (ref. [@b51]) are required for Ras-induced tumorigenesis *in vivo*. Although the function we have described here for Tiam1-Pak-Rac signalling could contribute to cell growth through promoting mitotic progression, perhaps more important is the possibility that loss of Tiam1 or Pak1/2, or de-regulation of Tiam1 S1466 phosphorylation could lead to chromosome mis-segregation, which could in turn promote malignant progression. Intriguingly, the few Ras-induced skin tumours that form in *Tiam1*-knockout mice are more frequently malignant than in control mice[@b14], and Tiam1 protein expression is decreased during breast cancer progression[@b52]. Although this could be due to the role of Tiam1 in regulating cell-cell adhesions[@b53], CIN could also be a contributing factor. Paks are very frequently amplified, overexpressed or hyperactivated in cancers, and contribute positively to proliferation through a number of mechanisms, including stimulation of the Ras/Raf/MEK/Erk pathway[@b27]. The interest in Paks as potential therapeutic targets has led to the development of Pak inhibitors, which have shown promising results for *in vivo* models of melanoma[@b54] and Ras-induced skin tumours[@b51]. Whether reduction of Pak1/2 activity can lead to increased tumour aggressiveness remains to be addressed, but as the function of Pak1/2 downstream of Tiam1 is kinase dependent ([Fig. 6](#f6){ref-type="fig"}), a consideration for any future Pak inhibitor trials is that treatment could lead to mitotic defects and potentially CIN through the pathway we have identified.

This study also has clear implications for the ongoing clinical trials of Eg5 inhibitors for cancer therapy[@b10]. We have shown that depletion of Pak1/2 affects sensitivity to the Eg5 inhibitor monastrol ([Fig. 7](#f7){ref-type="fig"} and [Supplementary Fig. 7](#S1){ref-type="supplementary-material"}), as we have seen previously for Tiam1 depletion[@b7]. These results suggest that modulation of the Tiam1-Rac-Pak signalling pathway could potentially confer resistance to Eg5 inhibitors and highlights that further study of this pathway will be important to inform future clinical studies with this class of drugs.

Methods
=======

Antibodies
----------

Working dilutions of antibodies for immunoblotting (IB), immunofluorescence (IF) and flow cytometry (FC) are shown below. IP indicates used for immunoprecipitation. Anti-Tiam1 antibodies: rabbit (IB 1:1,000, Bethyl Laboratories, A300-099A) and sheep (IF 1:200, R&D Systems, AF5038), anti-β-actin mAb (IB 1:10,000, AC15, Sigma, A5441), anti-Cdk1 (IB 1:1,000, Cell Signalling, \#2655), anti-cyclin B1 (IB 1:1,000, Cell Signalling, \#4138), anti-cyclin A mAb (IB 1:1,000, E67.1, Santa Cruz, sc-53230), anti-GFP (IB 1:10,000; IF 1:500, Abcam, ab290), anti-phospho-Thr-Pro mAb ('P\*S/T-P\') (IB 1:5,000, P-Thr-Pro-101, Cell Signalling, \#9391), anti-6xHis mAb (1:10,000, Clontech, 631212), anti-P\*S1466 (Tiam1) (IB 1:1,000, IF 1:1,000, custom-made by Eurogentec), anti-α-tubulin (IB 1:5000; IF 1:2,500, DM1A, Sigma, T9026), Anti-HaloTag mAb (IB 1:1,000, Promega, G9211), anti-Rac1 (IB 1:1,000, BD, 610650), anti-Plk1 (IB 1:2,000, Upstate, \#06-813), anti-HA mAb (IB 1:10,000; IP, 12CA5, Roche, 11583816001), anti-HA (IB 1:10,000; IF 1:200; IP, AbCam, ab9110), anti-γ-tubulin antibodies: rabbit (IF 1:2,000, Sigma, T5192), and mouse mAb (IF 1:5,000, GTU-88, AbCam, ab11316), anti-centrin mAb (IF 1:2,000, 20H5, Millipore, 04-1624), phospho-T288-Aurora A (IF: 1:1,000, AbCam, ab83968), anti-Pak(1/2/3) (IB 1:2,000, Cell Signalling, 2604), anti-phospho-Pak1/2 \[P\*Pak1 (S199/204), P\*Pak2(S192/197), IB 1:1,000, IF 1:500, Cell Signalling, \#2605\], anti-Pak1 (IB 1:2,000, Cell Signalling, \#2602), anti-Pak2 mAb (IB 1:2,000, C17A10, Cell Signalling, \#2615), anti-phospho-Ser/Thr-Pro mAb (FC 1:2,000, MPM2, Upstate, 05-368MG), HRP-conjugated anti-GST (IB 1:10,000, AbCam, ab3416).

Secondary antibodies: IgG-peroxidase-conjugated (IB 1:5,000, GE Healthcare), Alexa Fluor 488, 568, 647-conjugated (IF 1:500, Molecular Probes), APC-conjugated (FC 1:1,000, Molecular Probes). Full scans of gels can be found at the end of the [Supplementary Information](#S1){ref-type="supplementary-material"}.

Constructs
----------

The following constructs containing full-length (FL) mouse Tiam1 cDNA (GenBank accession [NM_009384](NM_009384)) have previously been described: pCDNA3-Tiam1-HA[@b36][@b55][@b56], Tiam1-HA-CTAP[@b57], pRetro-XT-Tiam1-HA(puro)[@b56], Tiam1-HA-IRES-DsRed (EV, WT and GEF\*) (containing an RNAi-resistant Tiam1 sequence[@b7]) and pBOS-Histone-2B-GFP[@b7]. pEGFP-Tiam1-HA was made in-house by cloning Tiam1-HA from pCDNA3-Tiam1-HA using NdeI-FseI sites. pRetro-XT-Tiam1-Halo(puro) was made by insertion of the Halo tag amplified from pFC14A (Promega) into pRetro-XT-Tiam1-HA(puro). pRetro-XT-Tiam1-HA-GFP(puro) was made by subcloning the eGFP tag fused to Tiam1 in pEGFP-Tiam1-HA into pRetro-XT-Tiam1-HA(puro). Phospho-mutant forms of pcDNA3-Tiam1-HA, pEGFP-Tiam1-HA, pRetro-XT-Tiam1-HA(puro), pRetro-XT-Tiam1(Halo)(puro), pRetro-XT-Tiam1-HA-GFP(puro) and Tiam1-HA-IRES-DsRed were generated by site-directed mutagenesis using QuikChange (Stratagene) according to the manufacturer\'s instructions. Generation of the single-vector tetracycline-repressor-based inducible shRNA system for Tiam1 has been described previously[@b7], the specific target RNAi sequence is 5′- GAGGTTGCAGATCTGAGCA -3′. Pak2(WT)-CFP was kindly provided by Claire Wells (King\'s College, London), and T402A and L107F versions of Pak2-CFP were generated by mutagenesis of this construct. pRetro-XT-PAK2-CFP(puro) (WT, T402A and L107F) were made by subcloning from Pak2-CFP (WT, T402A and L107F) to pRetro-X-tight(puro) (Clontech) using NruI/NotI sites. pRetro-X-tight(puro)-Pak2(L106F)-CFP with RNAi-resistant mutations was produced by site-directed mutagenesis. FL Tiam1 (WT) Bac-to-Bac CT-TOPO was generated in-house by subcloning FL Tiam1 (WT) from pCDNA3-Tiam1-HA into the pFAST BAC/CT-TOPO (Invitrogen). pRetro-Tet-ON and pEGFP constructs were from Clontech, and pmRFP-α-tubulin-C1 was from AddGene (plasmid \# 21040).

Cell culture
------------

All cells were cultured in a 37 °C, 5% CO~2~ incubator. Parental MDCK II, U2OS and HEK293T cells (from ECACC, operated by Public Health England) were maintained in Dulbecco\'s Modified Eagle Medium (DMEM, Invitrogen) in the presence of 10% fetal bovine serum (FBS, GIBCO). Cell lines were routinely tested for mycoplasma contamination by our in-house facility. DLD1 cells expressing Tiam1-HA-CTAP were maintained in the same medium supplemented with Zeocin (0.25 mg ml^−1^, Invitrogen). MDCK II with dox-inducible Tiam1 shRNA and re-expressing Tiam1-HA-IRES-DsRed were maintained in DMEM with 10% tetracycline-free FBS (Autogen Bioclear) and G418 (1 mg ml^−1^, Sigma). MDCK II with dox-inducible Tiam1-HA, Tiam1-GFP, Tiam1-Halo and Pak2-CFP and U2OS with dox-inducible Tiam1-HA were maintained in DMEM with 10% tetracycline-free FBS with G418 and puromycin (2 μg ml^−1^, Sigma). MDCK II cells expressing histone-2B-GFP and α-tubulin --RFP were grown in DMEM with 10% tetracycline-free FBS with G418 and blasticidin (5 μg ml^−1^, Sigma).

Generation of cell lines
------------------------

Plasmids were introduced into cells either by transfection using TransIT-LT1 (Mirus) according to the manufacturer\'s instructions or by retroviral transduction as previously described[@b36]. For MDCK II cells stably expressing GFP and Tiam1-GFP (WT, S1466A and S1466D), transfection was followed by selection in G418 (1 mg ml^−1^, Sigma) and sorting for GFP-positive cells. For inducible overexpression, MDCK II or U2OS cells were retrovirally transduced with pRetro-Tet-ON followed by selection with G418. pRetro-XT-based constructs were then retrovirally transduced and cells selected with puromycin (2 μg ml^−1^, Sigma). To obtain cells expressing RNAi-resistant Tiam1 (where the selection marker was the same as the target Tiam1 RNAi MDCK II cells), the various Tiam1-HA-IRES-DsRed constructs were retrovirally transduced and DsRed-positive cells were FACS-sorted for further analysis. MDCK II cells expressing histone-2B-GFP and α-tubulin-RFP were made by first transfecting with pBOS-Histone-2B-GFP following by selection in blasticidin (5 μg ml^−1^, Sigma). pmRFP-α-tubulin-C1 was then transfected, cells selected with G418 and sorted for GFP/RFP double positives.

Cell treatments
---------------

To synchronize in G1, cells were placed in serum-free media for 24 h. To arrest cells in S phase, cells were incubated for 16 h with 2 mM thymidine, released by washing three times with PBS and placed into fresh medium for 6 h, followed by a second incubation with 2 mM thymidine for 16 h. Cells in the G2 phase of the cell cycle were obtained 4 h after release from double thymidine block. Where nocodazole was used to arrest cells in mitosis, treatment was with 50 μg ml^−1^ nocodazole (Sigma) for 16 h. Where Eg5 inhibitor was used to arrest cells in mitosis, cells were incubated with S-trityl-[L]{.smallcaps}-cysteine (STLC, Sigma, 5 μM) or monastrol (Tocris, 100 μM) for 16 h unless otherwise stated. Release from monastrol was achieved by washing cells three times in PBS and replacing media. Cdk1 inhibitor (RO-3306, Alexis) was used at 10 μM. Treatment with the Pak inhibitor FRAX597 (a kind gift from Jonathan Chernoff, Fox Chase Cancer Center, Philadelphia, USA) was at 2 μM for 6 h, and with NSC 23766 for 24 h at 100 μM. For dox-inducible expression of shRNA or Pak2-CFP or Tiam1-HA constructs, cells were treated with doxycyline (1 μg μl^−1^) for 3--4 days (shRNA), or 24 h (Pak2-CFP, Tiam1-HA constructs).

Transient transfection of plasmids and siRNA
--------------------------------------------

Plasmids were introduced into HEK293T by transient transfection using TransIT-LT1 (Mirus) according to the manufacturer\'s instructions and processed after at least 24 h. Transient silencing of Pak1, Pak2 and Tiam1 was achieved by transfection of siRNA oligos from Eurofins MWG operon into MDCK II or U2OS cells using Lipofectamine RNAiMax (Invitrogen, Life Technologies) according to the manufacturer\'s instructions. Cells were processed and analysed 48 h post transfection. siRNA sequences were as follows:

Pak1\#1: 5′- GGATGCGGCTACATCTCCTATTTCA -3′

Pak1\#2: 5′- CAGCCGAAGAAAGAGCTGATTATTA -3′

Pak2\#1: 5′- CAGAGGTGGTTACACGGAAAGCTTA -3′

Pak2\#2: 5′- GCCAGAACAGTGGGCTCGATTATTA -3′

Tiam1 RNAi: 5′- GAGGTTGCAGATCTGAGCA -3′

Two non-targeting control oligos were used: Dharmacon---non-targetting siRNA \#4 and HNT: 5′- AGGTAGTGTAATCGCCTTG -3′.

Protein analysis
----------------

Cells were lysed in IP lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% (v/v) Triton-X-100, 10% (v/v) glycerol, 2 mM EDTA, 25 mM NaF and 2 mM NaH~2~PO~4~) containing a protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktails 1 and 2 (Sigma). For immunoprecipitation, lysates were incubated with 1 μg anti-HA antibody pre-bound to 20 μl of GammaBind G Sepharose (Amersham) for 2 h at 4 °C, washed in IP lysis buffer, then eluted with 1 × SDS--PAGE sample buffer (Nupage, Invitrogen). GFP-trap was similarly performed by incubating lysates with 10--20 μl GFP-trap beads (Chromotek) for 45--60 min before washes and addition of SDS sample buffer. Treatment of cell lysates with lambda phosphatase (Biolabs) was for 30 min at 30 °C. Samples in SDS sample buffer were resolved by SDS--PAGE and transferred to PVDF membrane (Immobilon-P; Millipore). Immunoblotting was performed according to the protocol for specific primary antibodies. Band intensities were quantified using Genetools (SynGene). To measure endogenous Rac GTPase activity, cells were lysed on ice in GST-FISH buffer (50 mMTris-HCl, pH 7.5, 100 mM NaCl, 2 mM MgCl~2~, 1% (v/v) Nonidet P-40, 10% (v/v) glycerol and protease inhibitors (Complete, EDTA-free; Roche)) containing 1 μg of a biotinylated PAK-derived CRIB (Cdc42/Rac interacting binding) peptide (custom made; CRUK Protein and Peptide Chemistry) per assay. Cleared cell lysates were incubated at 4 °C for 20 min; active Rac/CRIB complexes were precipitated using streptavidin-conjugated agarose beads (Sigma) for a further 15 min at 4 °C. Following washes in GST-FISH buffer, protein samples were eluted with 1 × SDS--PAGE sample buffer, and processed for western blotting with anti-Rac antibody as above.

TAP purification and mass spectrometry
--------------------------------------

Nocodazole-treated DLD1 cells expressing Tiam1-HA-CTAP were lysed in IP lysis buffer and TAP purification performed as previously described[@b57]. In brief, lysates of cells were prepared on ice in IP lysis buffer and cleared by centrifugation for 20 min; this and all subsequent steps were performed at 4 °C. Cleared lysates were incubated with IgG sepharose beads (GE Healthcare) for 2 h before washing four times in TAP wash buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% (v/v) Triton-X-100, 0.5 mM EDTA and 1 mM b-mercaptoethanol), and once in protease cleavage buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% (v/v) Triton-X-100 and 1 mM DTT). Protein complexes were eluted from IgG beads by incubating with Tobacco Etch Virus (AcTEV) protease (Invitrogen) in 1 ml of protease cleavage buffer for 2 h. The eluate was diluted one in six with calmodulin binding buffer (CBB; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% (v/v) Triton-X-100, 1 mM MgCl~2~, 1 mM imidazole, 4 mM CaCl~2~ and 10 mM b-mercaptoethanol) before adding to Calmodulin affinity resin (Stratagene), prewashed in CBB and incubated for 1 h. After incubation, samples were washed four times with CBB, eluted with 1 × SDS--PAGE sample buffer and resolved by SDS--PAGE (4--12% Nupage gel; Invitrogen). Gels were stained using coomassie (SimplyBlue Safe stain; Invitrogen) and the Tiam1-TAP band excised, destained and tryptically digested. LC MS/MS to identify Tiam1 phosphopeptides was performed using a MIDAS workflow[@b58] on a 4,000 Q-TRAP tandem mass spectrometer (AB SCIEX). Potential sites of phosphorylation were confirmed using Mascot (Matrix Science) and *de novo* sequencing.

Purification of Tiam1-His from insect cells
-------------------------------------------

Full-length Tiam1 was expressed as a poly-His-fusion protein in Sf9 insect cells according to the protocol from Bac-to-Bac TOPO expression system (Invitrogen). Sf9 cells were pelleted and lysed in Buffer A (50 mM Tris-HCl pH 8.0, 5 mM MgCl~2~, 300 mM NaCl, 1 mM β-mercaptoethanol, 1% Triton-X, 5 mM Imidazole, 10% Glycerol and protease inhibitor cocktail (Roche)). Lysates were incubated for 30 min on ice before sonication (5 μm amplitude for 6 × 5 s), and clarification at 25,000*g* for 20 min at 4 °C. Tiam1-His protein was then purified using Ni^2+^-NTA agarose beads (Qiagen) according to the supplier\'s protocol. Protein was eluted with Buffer A containing 100 mM Imidazole, and subsequently subject to desalting and buffer exchange using a PD-10 column (GE Healthcare) to a storage buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl~2~, 1 mM β-mercaptoethanol and 10% Glycerol). Protein was stored at −80 °C.

Kinase assays
-------------

For *in vitro* kinase assays, GST-tagged kinases were obtained from ProQinase (Freibury, Germany). Purified Tiam1-His (∼50 ng) or beads with immunoprecipitated Tiam1-HA were incubated with ∼100 ng kinase in kinase assay buffer (70 mM HEPES, 3 mM MgCl~2~, 3 mM MnCl~2~, 3 μM Na-orthovanadate, 1.2 mM DTT, 50 μg ml^−1^ PEG~20,000~ and 1-2 mM ATP) with shaking at 30 °C for 40 min. The reaction was stopped by addition of SDS--PAGE sample buffer (NuPAGE, Invitrogen) and analysed by SDS--PAGE.

Halo pulse-chase assay
----------------------

Halo pulse-chase assay was carried out as previously described[@b39]. In brief, dox-treated MDCK II +Tiam1-Halo were treated with 50 nM HaloTag TMR ligands (Promega) for 10 min, washed three times in PBS, and media containing 50 μM of the blocking reagent succinimidyl ester (O4) (Promega) was added to block labelling of newly synthesized protein. Cells were lysed at appropriate time points and analysed by immunoblotting with HaloTag antibody (Promega).

Centrosome preparation
----------------------

Centrosomes were prepared essentially as described previously[@b59] with some modifications. In brief, control or MDCK II cells inducibly expressing Tiam1 shRNA were treated with 5 μM Cytochalasin D (Sigma) and 10 μM Nocodazole (Sigma) in DMEM for 1 h before harvesting. All subsequent steps were performed on ice or at 4 °C. Cells were washed successively in PBS, 0.1x PBS/8% sucrose and finally 8% sucrose, before being lysed (1 mM Tris-pH 8.0, 0.5% triton, 0.1% β-mercaptoethanol, 0.5 mM MgCl~2~ and EDTA-free Complete protease inhibitor cocktail (Roche)). Lysates were cleared by 5 min centrifugation at 1,500*g* and passing through a 33-μm filter, before supplementing with PIPES and EDTA to final concentrations of 10 and 1 mM, respectively. The lysates were layered over a 60% sucrose (w/v) cushion (in PE (10 mM PIPES-pH 7.0, 1 mM EDTA) containing 0.1% triton) and centrifuged at 25,000*g* for 30 min to sediment centrosomes onto the cushion. The upper fraction was removed, while the remaining lower fraction and sucrose cushion, enriched for centrosomes, were thoroughly mixed (resulting in ∼30% sucrose (w/v) solution) and loaded onto a discontinuous sucrose gradient (70, 50 and 40% (w/v) in PE containing 0.1% triton), and centrifuged at 100,000*g* for 1 h. Fractions (400 μl) were collected from the bottom; each fraction was diluted with 1 ml of PE buffer and centrosomes were recovered by centrifugation at 16,000*g* for 20 min. Supernatants were removed and the pelleted centrosomes re-suspended in SDS sample buffer and processed for SDS--PAGE as described above.

Flow cytometry for cell cycle analysis
--------------------------------------

Cells were collected by trypsinization and fixed in 70% ethanol/PBS for at least 16 h at −20 °C. Cells were permeabilized and blocked in a solution of 0.1% triton/0.5% BSA, stained with MPM2 antibody (to label mitotic cells), then anti-mouse APC secondary antibody, and re-suspended in a solution containing 50 μg ml^−1^ propidium iodide and 100 μg ml^−1^ RNAse. Cells were analysed for PI and APC fluorescence on a LSRII analyser (BD Biosciences) using FACSDiva software (version 6.1.1) (BD Biosciences). Cell cycle stage was quantified using FlowJo (Tree Star).

Immunofluorescence
------------------

For immunofluorescence, cells were grown on coverslips and fixed with either 100% ice-cold methanol for 5 min at −20 °C (for Tiam1, P\*S1466, γ-tubulin, GFP, centrin) or 3.7% formaldehyde for 20 min at room temperature (for HA, P\*Aurora, P\*Pak, γ-tubulin and α-tubulin). Staining was performed as described previously[@b36] by permeabilization in 0.5% triton in PBS and blocking in 1% BSA in PBS before successive incubation with primary and then secondary antibodies. Coverslips were mounted to slides using Prolong Antifade with DAPI (Molecular Probes).

Microscopy and image analysis
-----------------------------

For scoring chromosome congression errors, intercentrosomal distance, intensity of P\*Pak and P\*Aurora A on the centrosomes, and mitotic stage following monastrol treatment, images were recorded with a Deltavision Core (Applied Precision Instruments) system based around an Olympus IX71 microscope with illumination achieved by white light LED and a 300 W Xenon light source for fluorescence. The Sedat filter (Chroma, 89000) set was utilized for fluorescence imaging using a UPLSAPO 60XO 1.35NA objective, and image capture was via a Roper Cascade II 512B EMCCD camera and SoftWorx software (Applied Precision Instruments). Inter-centrosomal distance for prophase (cells with condensed chromosomes but intact nuclear envelope) and prometaphase (post-NEBD cells without an aligned metaphase plate) cells was measured in 3D using SoftWorx. For rescue experiments, only cells with positive HA or GFP staining were measured, except cells with very high expression that were excluded. Scoring of monopolar/bipolar spindles was also performed in SoftWorx; a separation of ⩾4 μm was considered bipolar. Scoring of chromosome congression errors was as described previously[@b7]. Centrosomal signal intensity (P\*Pak and P\*Aurora A) was quantified in Image J by producing intensity plots for a rectangular section around the centrosomal area. For P\*S1466 and Tiam1 ([Fig. 2g,h](#f2){ref-type="fig"} and [Supplementary Fig. 2b,d,e](#S1){ref-type="supplementary-material"}), images were acquired on a Leica TCS SP8 confocal microscope equipped with PMT and Hybrid (HyD) detectors, with the tunable white laser (WLL) for Alexa Fluor 488, Alexa Fluor 555 and Alexa Fluor 647, and 405 nm UV laser for DAPI. The × 100/1.4 NA oil immersion objective was used, and images were captured in LAS AF (3.0.1) leica software. For live imaging, cells in 96-well plates were imaged using an Opera Phenix (Perkin Elmer) with temperature and environmental controls (37 °C and 5% CO~2~), using a × 40 1.1 NA water immersion lens (Zeiss). Frames were captured at 5 min intervals. Movies were exported from the Columbus software and analysed manually in ImageJ; the first frame with evidence of chromosome condensation was taken as the start of prophase, and the first frame in which cells had clearly aligned chromosomes taken as the start of metaphase. Cells still in prophase at the end of the movie were censored (given value 0) while those reaching metaphase were given a value 1; data was then analysed in Prism using survival curve analysis. All images shown were analysed in Image J.

Statistical analysis
--------------------

Statistical differences between two sets of data were analysed in Microsoft Excel using a two-tailed paired or unpaired student\'s *t*-test (test and *P* values are specified in figure legends). For live imaging experiments, data were analysed in Prism (GraphPad software) using the survival curve function; the Gehan-Breslow-Wilcoxon test was used to test for significance.
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###### Supplementary Information

Supplementary Figures 1-7.

###### Supplementary Movie 1

Non-targeting control siRNA cell during live imaging in monastrol. MDCK II cells expressing histone-2B-GFP (H2B-GFP) and a-tubulin-RFP were transiently transfected with non-targeting siRNA (NT_Control) for 2 days then treated with 25 μm monastrol before being imaged using time-lapse confocal microscopy as described in Methods. Left panel: a-tubulin-RFP, middle panel: H2B-GFP, right panel: merge (α-tubulin-RFP= green, H2B-GFP=blue).

###### Supplementary Movie 2

Pak1\#1 siRNA cell during live imaging in monastrol. MDCK II cells expressing histone-2B-GFP (H2B-GFP) and a-tubulin-RFP were transiently transfected with Pak1\#1 siRNA for 2 days then treated with 25 μm monastrol before being imaged using timelapse confocal microscopy as described in Methods. Left panel: a-tubulin-RFP, middle panel: H2BGFP, right panel: merge (α-tubulin-RFP= green, H2B-GFP=blue)

###### Supplementary Movie 3

Pak2\#1 siRNA cell during live imaging in monastrol. MDCK II cells expressing histone-2B-GFP (H2B-GFP) and a-tubulin-RFP were transiently transfected with Pak2\#1 siRNA for 2 days then treated with 25 μm monastrol before being imaged using timelapse confocal microscopy as described in Methods. Left panel: a-tubulin-RFP, middle panel: H2BGFP, right panel: merge (α-tubulin-RFP= green, H2B-GFP=blue).

###### Supplementary Movie 4

Tiam1 siRNA cell during live imaging in monastrol. MDCK II cells expressing histone-2B-GFP (H2B-GFP) and a-tubulin-RFP were transiently transfected with Tiam1 siRNA for 2 days then treated with 25 μm monastrol before being imaged using time-lapse confocal microscopy as described in Methods. Left panel: a-tubulin-RFP, middle panel: H2B-GFP, right panel: merge (α-tubulin-RFP= green, H2B-GFP=blue).
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![Cdk1-dependent phosphorylation of Tiam1 in mitosis.\
(**a**) MDCK II cells were synchronized in G1, S or G2 phases as described in Methods or in mitosis (M) by nocodazole treatment. Lysates were prepared and protein levels analysed by immunoblotting with the indicated antibodies. (**b**) Lysates were prepared from untreated or nocodazole treated MDCK II cells, treated with lambda phosphatase (*λ*-PPase) where indicated and analysed by immunoblotting. (**c**) MDCK II cells were left asynchronous or arrested in mitosis (STLC) then treated with RO-3306 (10 μM) where indicated for 3 h before lysis and immunoblotting. In **a** and **c** β-actin was used as a loading control. (**d**) Tiam1-HA was immunoprecipitated from HEK293T cells then subjected to *in vitro* kinase assay with ATP and GST-tagged Cdk1-cyclin B1 complex as indicated. Following SDS--PAGE, phosphorylation was measured by immunoblotting with anti-P\*-Thr-Pro antibody (P\*S/T-P). (**e**) Purified Tiam1-His was used for *in vitro* kinase assay with GST-tagged Cdk1-cyclin B1 and analysed as in **d**. (**f**) Tiam1-HA (either WT or the S1466A mutant) was immunoprecipitated from HEK293T cells arrested in mitosis (STLC) and analysed by immunoblotting with P\*S/T-P antibody. Quantitation shows mean P\*S/T-P normalized to HA signal+s.e.m. (with WT set as 1) (*n*=4, unpaired two-sided *t*-test: \**P*\<0.05). (**g**) Schematic representation of Tiam1 protein showing the location of S1466, and conservation of this Cdk site in mammalian species. PP: PEST domains, PH-CC-Ex: Pleckstrin Homology, Coiled Coil, Extended region, RBD: Ras binding domain, PDZ: PDZ domain, DH: Dbl homology domain.](ncomms8437-f1){#f1}

![S1466 of Tiam1 is phosphorylated on centrosomes in early mitosis.\
(**a**) MDCK II cells expressing dox-inducible Tiam1 shRNA were grown for 6 days with or without dox as indicated, left asynchronous (Asy), or arrested in mitosis (STLC), lysed and analysed by immunoblotting with the indicated antibodies. (**b**) MDCK II cells stably expressing the indicated GFP-tagged constructs were arrested in mitosis with STLC and lysates subjected to GFP-trap, analysis by SDS--PAGE and immunoblotting with the indicated antibodies. (**c**) MDCK II cells were treated with STLC for 16 h, then Cdk1 inhibitor RO-3306 (RO) for 2 h as indicated, lysed and analysed by immunoblotting with the indicated antibodies. Graph shows quantitation of band intensities of P\*S1446 normalized to total Tiam1 with untreated sample (UnT) set as 1. (**d**,**e**) Tiam1-HA was immunoprecipitated from HEK293T cells then subjected to *in vitro* kinase assay with addition of ATP and (**d**) GST-tagged Cdk1-cyclin B1 complex or (**e**) GST-tagged Cdk1-cyclin A complex where indicated. Phosphorylation was analysed by immunoblotting with an anti-P\*S1466 antibody. (**f**) MDCK II cells were either left untreated (Asy) or treated for 16 h with monastrol (100 μM) to induce monopolar spindles, then released for the indicated times, lysed and analysed by immunoblotting with the indicated antibodies. Approximate mitotic stage for the time course is indicated. Graph shows mean P\*S1466 normalized to total Tiam1 for the time course from three independent replicates+s.e.m. In (**a**,**c**,**f**) α-tubulin was used as a loading control. (**g**,**h**) MDCK II cells were fixed and stained by immunofluorescence (IF) with the indicated antibodies and DAPI. Merge: Tiam1=red, P\*S1466=green, γ-tubulin=blue. Representative prophase (**g**) and prometaphase (**h**) cells are shown. White arrowhead indicates cell-cell junction. Scale bars, 5 μm.](ncomms8437-f2){#f2}

![S1466 phosphorylation is required for regulation of centrosome separation and chromosome congression.\
(**a**) MDCK II cells expressing the indicated dox-inducible Tiam1-HA constructs were treated with dox for 4 days, fixed and stained by IF with the indicated antibodies. Merge: HA=red, α-tubulin=green, DAPI=blue. Representative prophase cells are shown. Scale bars, 5 μm. (**b**) MDCK II cells with dox-inducible Tiam1 shRNA and stable expression of the indicated HA-tagged Tiam1 constructs containing an RNAi-resistant mutation were treated with or without dox for 4 days, lysed and analysed by immunoblotting with the indicated antibodies. (**c--e**) The MDCK II rescue pools described in **b** were grown on coverslips without (control) or with dox (plus dox) for 4 days, fixed and stained by IF with antibodies against α-tubulin, γ-tubulin and DAPI. Intercentrosomal distances were measured for prophase (**c**) or prometaphase (**e**) cells (\>50 cells over at least 3 independent experiments). (**d**) Example images for both phases. Prophase cells are defined as cells with condensed chromosomes but intact nuclear envelope. Prometaphase cells are cells after NEBD that have not yet aligned chromosomes to a clear metaphase plate. α-tubulin=green, γ-tubulin=red, DAPI=blue, scale bars: 5 μm. (**f**,**g**) The MDCK II rescue pools described in **b** were scored for chromosome congression errors (metaphase cells with clearly misaligned chromosomes as % of total metaphase cells). (**f**) Example DAPI images, scale bars, 5 μm, white arrowhead points to a misaligned chromosome. (**g**) Mean from three independent experiments (\>60 cells/rep). (**h**) HEK293T cells transfected with the indicated GFP-tagged constructs were arrested in mitosis using STLC and subjected to Rac assay (top panel). Lower three panels show protein levels in input lysates. Graph shows quantification of Rac^GTP^/Rac for five independent replicates. All data show mean+s.e.m., unpaired two-sided t-test: \**P*\<0.05, NS=not significant.](ncomms8437-f3){#f3}

![Group I Paks are activated on centrosomes downstream of Tiam1.\
(**a**) MDCK II cells with dox-inducible Tiam1 shRNA were grown for 4 days with (plus dox) or without dox (control) (for representative blot see [Supplementary Fig. 4g](#S1){ref-type="supplementary-material"}), fixed and stained for IF. Merge: phospho-Pak1/2 (P\*Pak)=green, γ-tubulin=red and DAPI=blue. Scale bars, 5 μm. Graph shows average centrosomal P\*Pak levels for plus dox normalized to control in prophase (*n*=9) and prometaphase (*n*=5) (\>40 centrosomes/rep). (**b**) MDCK II cell lines expressing dox-inducible Tiam1 shRNA and the indicated RNAi-resistant Tiam1 constructs were treated for 4 days with or without dox as indicated (blots for these cell lines are shown in [Fig. 3b](#f3){ref-type="fig"}), fixed and stained for IF using antibodies against P\*Pak1/2, γ-tubulin, HA and DAPI. Prophase cells with positive HA signal were analysed for centrosomal P\*Pak as in **a** (*n*=4) (\>40 centrosomes/rep). (**c**) MDCK II cells were control treated or treated with Rac1 inhibitor NSC 23766, fixed and stained for IF using antibodies against P\*Pak1/2, γ-tubulin and DAPI. Centrosomal P\*Pak in prophase cells was analysed as in **a** (*n*=3, \>40 centrosomes/rep). (**d**) MDCK II cell lines expressing dox-inducible Tiam1 shRNA and the indicated RNAi-resistant Tiam1 constructs were treated for 4 days with or without dox as indicated (blots for these cell lines are shown in [Supplementary Fig. 4d](#S1){ref-type="supplementary-material"}). Cells were fixed, stained and analysed for centrosomal P\*Pak in prophase as in **b** (*n*=3, \>40 centrosomes/rep). (**e**) HEK293T cells expressing GFP only (EV) or Tiam1-GFP (WT or phospho-mutant forms as indicated) were arrested in mitosis by STLC treatment, then lysates subjected to GFP-trap. Following SDS--PAGE, interaction with Pak2 and Rac was analysed by immunoblotting. All graphs show mean+s.e.m. Paired two-sided *t*-test: \**P*\<0.05, \*\**P*\<0.01.](ncomms8437-f4){#f4}

![Group I Paks regulate centrosome separation.\
(**a**) MDCK II cells were transiently transfected with siRNAs against Pak2 or a non-targeting control (NT) as indicated and 2 days later lysed and analysed for knock-down by immunoblotting with the indicated antibodies. (**b**,**c**) Cells were transfected with siRNAs as in **a**, fixed and stained by IF with antibodies against α-tubulin, γ-tubulin and DAPI. Centrosomal distances in (**b**) prophase and (**c**) prometaphase were measured (\>50 cells over at least three independent experiments). (**d**,**e**) Cells were transfected and stained as in (**b**,**c**) then analysed for chromosome congression errors (=metaphase cells with clearly misaligned chromosomes as % of total metaphase cells). (**d**) Quantification of chromosome congression errors from at least three independent replicates (\>100 cells/rep). (**e**) Example IF images are shown. Merge: α-tubulin=green, DAPI=blue. White arrowhead indicates mis-aligned chromosome, scale bars, 5 μm. (**f**) MDCK II cells with dox-inducible overexpression of RNAi (Pak2\#1)-resistant L106F (kinase active) Pak2-CFP or tet-ON construct only (EV) were transfected with NT or Pak2\#1 siRNA and dox added 1 day later for 1 day before lysis and analysis by immunoblotting with the indicated antibodies. (**g**,**h**) Cells treated as in **f** were fixed and stained for IF with antibodies against GFP, γ-tubulin and DAPI. Centrosomal distances in (**g**) prophase and (**h**) prometaphase were measured for cells expressing the EV or Pak2(L106F)-CFP constructs (as determined by presence of positive staining with GFP antibody) \>60 cells over three independent experiments). (**i**) Cells treated and stained as in (**f**--**h**) were scored for chromosome congression errors (in cells positive for GFP signal) (*n*=3, \>50 cells/replicate). (**j**) MDCK II cells were transiently transfected with the indicated Pak2 siRNAs, then 2 days later fixed and stained for FACS analysis with MPM2 antibody and propidium iodide. % MPM2 positive cells in the G2 peak represent mitotic index (mean+s.e.m., *n*⩾3, 10,000 cells/rep). All graphs show mean+s.e.m. Unpaired two-sided *t*-test: \**P*\<0.05, \*\**P*\<0.001.](ncomms8437-f5){#f5}

![Pak activity is required for regulation of centrosome separation downstream of Tiam1.\
(**a**,**b**) MDCK II cells with dox-inducible overexpression of WT, L106F (kinase active) or T402A (kinase inactive) Pak2-CFP or tet-ON construct only (Control) were transfected with non-targeting control (NT) or Tiam1 siRNA and dox added 1 day later for 1 day. (**a**) Cells were lysed and analysed by immunoblotting with the indicated antibodies. Arrow indicates expression of exogenous Pak2-CFP constructs; \*endogenous Pak2. (**b**) Cells were stained for IF with antibodies against GFP, γ-tubulin and DAPI, and intercentrosomal distance of cells in prophase expressing the different Pak2-CFP constructs (as determined by presence of positive staining with GFP antibody, see [Supplementary Fig. 6b](#S1){ref-type="supplementary-material"}) was measured (\>50 cells over three independent experiments). (**c**) MDCK II cells were treated for 6 h with 2 μM FRAX597 and either lysed and analysed by immunoblotting for Pak activity (P\*Pak) or fixed and stained for IF with antibodies against α-tubulin, γ-tubulin and DAPI then intercentrosomal distance in prophase measured (\>50 cells over three independent experiments). All graphs show mean+s.e.m. Unpaired two-sided *t*-test: \**P*\<0.05, \*\**P*\<0.001.](ncomms8437-f6){#f6}

![Tiam1 and Pak modulate responses to Eg5 inhibitors.\
(**a--e**) MDCK II cells were transiently transfected with two siRNAs against Pak2 or non-targeting control (NT) as indicated, and 2 days later treated with 25 μM monastrol for 16 h. (**a**) Cells were lysed and analysed for knockdown by immunoblotting with the indicated antibodies. (**b**) Cells were fixed and stained for FACS analysis with propidium iodide and MPM2 antibody to detect % of mitotic cells (*n*⩾3, 10,000 cells/rep). (**c--e**) Cells were fixed and then stained by IF with antibodies against α-tubulin, γ-tubulin and DAPI. (**c**) Example mitotic spindles: α-tubulin=green, γ-tubulin=red and DAPI=blue, scale bars, 5 μm. (**d**) Quantification of the proportion of bipolar spindles (*n*⩾3). (**e**) Quantification of the proportion of mitotic cells in anaphase and telophase (*n*⩾3). (**b--e**) All graphs show mean+s.e.m. Unpaired two-sided *t*-test: \*\**P*\<0.01. (**f**) MDCK II cells expressing histone-2B-GFP (H2B-GFP) and α-tubulin-RFP were transiently transfected with siRNAs against Tiam1, Pak1, Pak2 or non-targeting control (NT) as indicated for 2 days then treated with 25 μm monastrol before being imaged using time-lapse confocal microscopy as described in Methods. Graph shows % of cells which reached metaphase as a function of time after the start of prophase (first frame with evidence of condensed chromosomes). Small vertical lines indicate cells at the end of imaging time. Gehan-Breslow-Wilcoxon test: \*\**P*\<0.001 (compared with NT control).](ncomms8437-f7){#f7}
